Abstract. A theory of the generation of plasma density irregularities with virtually no aspect sensitivity, in the lower ionosphere at high latitudes, by electron drifts aligned with the geomagnetic ®eld, is presented. The theory is developed through¯uid equations in which the destabilising mechanism involves positive feedback from electron collisional heating. When ®eld aligned electron drift speeds exceed a few km s , this eect destabilises waves with wavelengths in excess of a few tens of metres in the lower E-region, where collisional eects are suciently large. Furthermore, the threshold conditions are almost independent of the wave propagation direction and the unstable waves propagate at speeds well below the ion acoustic speed. The role that this new instability may play in recent radar backscatter observations of short scale irregularities propagating in directions close to that of the geomagnetic ®eld, in the lower E-region is also considered.
Introduction
Small-scale plasma density irregularities are an important and ubiquitous phenomenon in the ionospheric E-region at altitudes below 130 km. Those with suciently short wavelengths commonly give rise to strong coherent radar backscatter in the HF, VHF and even the UHF bands, when the radar beams are directed orthogonal to the geomagnetic ®eld. The irregularities responsible for this strong, nearly orthogonal, scatter are elongated along the geomagnetic ®eld direction with their k vectors orientated within a fraction of a degree of a direction orthogonal to the ®eld and parallel to the radar wave vector. A number of dierent plasma instabilities are capable of generating small-scale ®eld aligned plasma density irregularities in the lower ionosphere at high latitudes, but probably the most important of these, especially for irregularity wavelengths between one and a few tens of metres is the wellknown Farley±Buneman instability (FBI, Farley, 1963; Buneman, 1963) . The main characteristics which distinguish the FBI are that it requires the dierence in the electron and ion velocities across the geomagnetic ®eld, caused by E Â B drifts, to exceed the local ion-acoustic speed. Also, the phase speed of the marginally unstable waves is equal to the ion-acoustic speed in the¯uid limit.
Although the majority of coherent radar observations indicate backscatter within a degree or so of orthogonality, in agreement with FBI theory, RuÈ ster and Schlegel (1999) have now reported strong backscatter observations in an altitude range of 90±100 km, with a 50 MHz radar beam pointing almost parallel to the geomagnetic ®eld direction, i.e. at aspect angles close to 90°. Thus, the density irregularities responsible for this backscatter would have to have their k vectors almost parallel to the geomagnetic ®eld direction. The observations of RuÈ ster and Schlegel (1999) also appear to indicate scatter from waves travelling at speeds well below the local ion sound speed. These new observations by RuÈ ster and Schlegel (1999) have motivated the present search for an instability which can excite irregularities propagating in the geomagnetic ®eld direction, in the lower E-region, where collisions between plasma particles and neutrals are important. Now, it is well known that in collisionless plasmas, such as exist in the topside ionosphere, electron drifts parallel to the geomagnetic ®eld with values in excess of a few times the ion acoustic speed can give rise, through kinetic eects, to the ion acoustic instability (Kindel and Kennel, 1971) . This instability involves the excitation of ion acoustic waves propagating in a direction essentially parallel to the geomagnetic ®eld. Indeed, evidence from radar backscatter experiments that such waves are excited at altitudes above 140 km in the auroral ionosphere has recently been reported (Rietveld et al., 1991) . In this altitude range, both ions and electrons are eectively collisionless. However, this instability cannot operate in the highly collisional conditions at altitudes well below 130 km, where ion dynamics in particular become dominated by collisions with neutrals, except at very short wavelengths of a few centimetres. Only radars operating at frequencies above several GHz would be sensitive to such waves (see the Appendix for details of the limits of the collisionless approximation). A further point against this instability as an explanation for RuÈ ster and Schlegel's (1999) observations is that it requires the electron temperature to greatly exceed that of the ions and furthermore the phase speed of the waves corresponds to the ion acoustic speed in this heated plasma. Neither of these two conditions is consistent with RuÈ ster and Schlegel's (1999) report. However, there is evidence that ®eld aligned currents were present during the large aspect angle backscatter events reported by RuÈ ster and Schlegel (1999) and thus may play a role in exciting the irregularities responsible for their observations.
Field aligned currents play an important role in ionosphere±magnetosphere coupling at high latitudes and continue to be a major topic of research. Much important information about them, particularly with regard to where and how they close in the lower ionosphere remains illusive. There are no direct observations in the lower ionosphere of the strength of the ®eld aligned currents and, more crucially in the present context, of the size of the directed ®eld aligned velocities associated with them. However, strong indirect evidence that these currents penetrate into the lower ionosphere has been reported in the literature. In particular, ®eld aligned currents have been invoked, in order to explain the excitation of small aspect angle irregularities at thresholds below those expected for the FBI with E Â B drifts alone (Chaturvedi et al., 1987) . Villain et al. (1987) also used similar arguments in the case of HF radar backscatter observations from electrostatic ioncyclotron waves. Chaturvedi et al. (1987) , who based their parallel velocity considerations on spacecraft observations of ®eld aligned currents by Bythrow et al. (1984) , estimated that electron drifts of up to 40 km s )1 parallel to the geomagnetic ®eld could occur at altitudes of around 105 km. It should be pointed out, here, that these altitudes are somewhat arbitrary, since the height the backscatter is not well determined in radar experiments. There is probably a margin of uncertainty in the altitude of backscattering irregularities of around a neutral scale height (i.e. approximately 5 to 10 km). Haldoupis et al. (1994) have also pointed out the importance of ®eld aligned currents in the explanation of large aspect angle radar backscatter observations, at angles much larger than predicted from the linear instability theory of the FBI (although these were still much smaller than those reported by RuÈ ster and Schlegel, 1999). Haldoupis et al. (1994) utilised a theoretical model of Hamza (1992) , who invoked ®eld aligned currents in the lower E-region as the origin of anomalous collisions due to a very short scale ionacoustic instability.
Although, in principle, the FBI could excite irregularities at large aspect angles, such as those reported by RuÈ ster and Schlegel (1999) , under the in¯uence of ®eld aligned electron drifts alone, the threshold drifts required exceed those proposed by Chaturverdi et al. (1987) by more than an order of magnitude. Furthermore, these large parallel electron drifts would inevitably give rise to enormous levels of electron heating which would raise the electron temperature to values many tens of times that of the ions. Such eects have never been observed at altitudes below 100 km and are highly unlikely to occur there. Moreover, the resulting enhancements in the electron temperature would so strongly stabilise the plasma wave, by raising the local ion acoustic speed, that the instability could not in fact be excited under these conditions (see Sect. 2). Thus, the FBI can also probably be ruled out as a convincing explanation for the observations of RuÈ ster and Schlegel (1999). Dimant and Sudan (1995) have recently developed a kinetic theory which predicts that low-frequency ®eld aligned waves are destabilised in the lower E-region due to electron thermal eects, in the presence of E Â B drifts. It has subsequently been demonstrated that this instability can also be adequately treated using¯uid theory, as long as the electron energy balance and heat ow eects are included (Dimant and Sudan, 1997; Robinson, 1998) . The destabilising mechanism for the Dimant and Sudan instability (DSI) is electron-neutral frictional heating due to electron motion through essentially stationary background neutrals, under the in¯uence of convection electric ®elds which drive E Â B drifts. The DSI, like the FBI, still results in strongly aspect sensitive, almost ®eld aligned irregularities and is not suitable as an explanation of the observations of RuÈ ster and Schlegel (1999) .
A new theory of plasma irregularity excitation at large aspect angles by electron-neutral frictional heating eects due to ®eld aligned electron¯ows is developed in this work. The main dierence between the present theory and that of Sudan (1995, 1997) is that whereas the electron Pedersen conductivity is responsible for the frictional heating in the latter case, it is the parallel conductivity in the former case. This new theory predicts that, in contrast to what is found in the case of either the FBI or the DSI, the phase speed of the marginally unstable plasma irregularities, travelling in a direction parallel to the geomagnetic ®eld, is more than an order of magnitude below the ion-acoustic speed. Furthermore, the size of the ®eld aligned electron ow required to destabilise these instabilities is only a few km s )1 , which is not only well below previously proposed values (e.g. Chaturvedi et al., 1987; Villain et al., 1987) , but which is also low enough not to cause very large electron temperature enhancements, although moderate heating does occur. In addition, the threshold values of the¯ows are largely independent of aspect angle. Whilst these characteristics are also consistent with a number of aspects of the observations of RuÈ ster and Schlegel (1999), the instability presented here is con®ned to wavelengths longer than a few tens of metres and probably cannot explain directly the backscatter at the shorter radar wavelengths utilised by these authors. However, as discussed in the concluding section, it may be possible, with the inclusion of certain additional nonlinear eects, to devise an explanation of RuÈ ster and Schlegel's observations based on the present theory. A complex dispersion relation for this new instability is developed in the following section.
Mathematical development
The starting point for the analysis are the¯uid equations of electron continuity, momentum and energy conservation and heat¯ow, as follows (Golant et al., 1980) where m e Y N e Y T e Y V e and q e are the electron mass, number density, temperature, velocity and heat¯ux, respectively. Also, T n is the neutral temperature and m en and d e m en represent the elastic momentum exchange and inelastic energy exchange electron-neutral collision frequencies, respectively. E and B are respectively the electric ®eld and the magnetic¯ux density and b is a unit vector along B. The second term on the right hand side of Eq. (3) is the electron collisional heating term. Also above, X e eBam e is the electron gyro-frequency. In addition to the electron dynamics, above, ion dynamics, sucient for present purposes, are included with the aid of the ion continuity and momentum conservation equations that follow. The variables involved correspond to those in Eqs.
(1) to (4), but with subscript`i' in place of`e' for the ions rather than the electrons.
In Eqs. (2) and (6) account is taken of the fact that the electrons are magnetised whilst the ions are not, in the E-region, and hence, m en ( X e and m in ) X i eBam i , where m in and X i are respectively the ion-neutral collision frequency and the ion-gyro frequency. Furthermore, velocities are all referred to a frame of reference stationary with respect to the neutrals. Also, given that the ions are unmagnetised, their steady state velocity can be considered to be the same as that of the neutrals.
A sinusoidal wave perturbation analysis of Eqs.
(1) to (6) yields the following set of ®rst order Equations.
where x and k are the wave frequency (in the frame of the neutrals) and the wave vector respectively. Also, x e x À k Á V e0 is the electron wave frequency in the frame of the neutrals. Since the electric ®eld¯uctuations are entirely electrostatic, E 1 Àik/ 1 , where, / 1 is the electric potential perturbation. Subscript 0 indicates steady background values, whilst subscript 1 indicates ®rst order ®eld variables. It is also assumed that the plasma is quasi-neutral and hence the electron and ion densities are assumed equal. Further, n 1 N 1 aN e0 and t 1 T e1 aT e0 . It should be noted that the ion¯uid equations, Eqs. (10) and (11), are only valid if
(see the Appendix for further details). Furthermore, under these conditions ion thermal eects are negligible and hence there is no need for an ion energy balance equation. For the electrons a similar constraint applies, i.e. m en ) k T e0 am e p . However, wavelength constraints for the electron case are much more complicated than that for the ions, since thermal electron eects are crucial to the behaviour of the waves under consideration and these will be dealt with in more detail later.
In Eq. (8), the coecient, a takes account of the temperature dependence of the electron elastic momentum exchange collision frequency through the relation m en T e m en T e0 T e aT e0 a . Also, in Eq.
In what follows it is assumed that jcos hj ) jm en À ix e aX e j 14 where h is the angle between the wave vector and the geomagnetic ®eld. The physical implication of Eq. (14) is that, with propagation angles in these directions, the electron¯uctuations velocity is along the magnetic ®eld direction. Eliminating ®rst order ®eld variables from Eqs. (7) to (12), under the condition speci®ed by Eq. (14), then yields the dispersion relation
where c e 1 t 1 an 1 is the ratio of the principal speci®c heats for the electron gas and is given by
Also in Eqs. (15) and (16), c T e0 T i0 am i p and c e T e0 am e p are respectively the ion acoustic and electron thermal speeds.
Before proceeding to the low frequency thermal instability, in the next section, it is worth demonstrating at this point that there is no instability if the waves, described by Eqs. (15) and (16) This dispersion relation is also derivable as the¯uid limit of the full kinetic theory detailed by Lee et al. (1971) (also see the Appendix).
Explicitly introducing a complex wave frequency i.e. x 3 x ic, where c is the growth rate, and separating the dispersion relation Eq. (17) into real and imaginary parts then yields two conditions, which are, to a good approximation
In Eqs. (18) and (19) the relation x e x À kV e0 cos h and the fact that, in the lower ionosphere, X i m en ( X e m in and hence jx e j ) jxj, have been utilised. Notice these inequalities also imply that, unlike the FBI case where ion inertia dominates electron inertia in the destabilisation process, here it is the electron inertia which dominates. It must now be pointed out that, even though it has been assumed above that the waves are isothermal, steady heating of the electron gas cannot be neglected and hence, from Eqs. (3) and (4), under steady conditions and in the absence of gradients
In Eq. (20), it is assumed that the ions are unheated and that in the limit of zero electron¯ow the electrons and ions are in thermal equilibrium. Recalling the de®nition of the ion acoustic speed, Eq. (19) should thus be replaced by
where c 0 is the ion acoustic speed with equal electron and ion temperatures. Further, noting that d e ( 1 (Gurevich, 1978) , implies that c is entirely negative and the waves are always damped. Hence, there is no instability under isothermal conditions. The reason for this is clear from Eqs. (19) and (21). In order for the instability to arise the destabilising eects of electron inertia, the ®rst term on the right hand side of Eqs. (19) and (21), has to exceed the eect of thermal pressure gradients, the remaining terms on the right hand side of Eqs. (19) and (21). These cause damping when the pressure perturbations are in phase with the density perturbations, which they necessarily are in the isothermal case where the pressure perturbation is just n 1 T e0 . Thus, as the electron velocity increases, the destabilising eects always lag behind the stabilising ones, in the isothermal case. The situation is entirely dierent in the non isothermal low frequency case, dealt with later.
A low frequency thermal instability
The dispersion relation above simpli®es considerably under low frequency conditions, when jd e m en j ) jx e j and j2X5k 2 c 2 e cos 2 ham en À ix e j X
22
Physically, these conditions mean that electron inertia and electron thermal conductivity are neglected compared to inelastic collisional heat loss. Equation (22) also implies jx e j ( jm en j. Under these conditions, then the relations (15) and (16) (23) and (24) simultaneously for x + ic and c e leads, to a good approximation, to
In Eqs. (25) to (27), relation (20) has been utilised. The condition for instability (c >0) is easily obtained from Eq. (27), with the aid of Eq. (13) and the approximation in the range T i0`Te0`4 T i0 (Gurevich, 1978)
Then, the condition for instability requires
Thus, when the electron temperature is elevated to over twice the ion temperature by the heating eect of the ®eld aligned electron drift, the thermal instability of low frequency waves arises. It should be noticed that the threshold condition is independent of the propagation angle, h. Thus, within the limits set by condition (14), the values of the growth rates are isotropic, even though the phase speeds, given by Eq. (26), increase with cos h À1 . It is also useful to write the threshold criterion for the instability in terms of the electron¯ow speed. From Eq. (29), this is just
The phase velocity for marginally unstable waves, i.e. with the inequality in Eq. (31) 
Inserting these into Eqs. (30) and (31) yields a threshold speed and a wave phase speed of 3.5 km s )1 and 1.5 m s )1 respectively. Thus, the threshold value of the ®eld aligned electron drift speed is well below the values previously proposed by Chaturvedi et al. (1987) and Villain et al. (1987) . The wave phase speed is remarkably low compared with a typical ion acoustic speed of $250 m s )1 and implies, since velocities have been taken with respect to the background neutrals, that the observed wave phase speed will be essentially equal to the neutral wind component along the propagation direction.
Finally, in this section, the physical basis of the low frequency instability can be fairly straightforwardly understood in terms of the relationship between the temperature and density perturbations. This is de®ned by the ratio of the principal speci®c heats, of the electron gas, c e 1 t 1 an 1 , given by Eq. (25). The condition for instability (29) is equivalent to requiring c e to be negative and smaller than the ratio of the ion to electron temperature (see Eq. 27 ). This happens when the relative temperature perturbations are of larger amplitude and in antiphase with the relative plasma density perturbations. The antiphase between the temperature and density perturbations occurs because the temperature is in phase with the electron velocity perturbations in the low frequency approximation, through the heating term, whilst the density is in antiphase with the electron velocity through the continuity equation (note that x e is always negative). The consequence of these eects, in contrast to the isothermal case treated in Sect. 2, is to make the density perturbations in antiphase with the total pressure perturbations. In this case the pressure gradients act to destabilise rather than stabilise the plasma.
This description of the physical basis of the instability is similar to that for the DSI Sudan, 1995, 1997; Robinson, 1998) . The chief dierence between the DSI and the present theory lies in the geometry of the electron velocity in the two cases. As a consequence it is the modulation of heating due to the electron Pedersen current which is responsible for the DSI, whereas the modulation of heating due to the electron ®eld aligned current is responsible for the new instability described above. However, the characteristics of the destabilised waves in the two cases are clearly very dierent.
Observational implications
The analysis of the previous section is brie¯y examined in a quantitative manner, in order to establish its observational implications. Having determined the approximate values of the threshold electron ®eld aligned drift and the phase speed of the unstable waves in the previous section it is important to establish the range k vector characteristics for which the instability occurs. The results will be altitude dependent through the altitude dependence of the electron-neutral collision frequency and conditions (14) and (22). Substituting the expression for the threshold velocity from Eq. (30) into Eq. (22) yields, for the limiting wavelength
The altitude range of interest is 90±100 km. At 100 km altitude, using the typical parameter values from Sect. 3, leads approximately to a propagation angle with respect to the geomagnetic ®eld of less than 89°and a wavelength much greater than 50 m. At 90 km, where the collision frequencies are about an order of magnitude higher, the corresponding limits are 84°and 5 m respectively. Clearly, within the height range of interest the instability operates over a wide range of angles to the geomagnetic ®eld, but the instability is restricted to rather large wavelengths. At the higher end of the altitude range, in particular, the wavelengths associated with the instability are too long for radar backscatter with conventional VHF radars. Whilst HF radars operating at frequencies below 10 MHz, which scatter from waves with wavelengths above 15 m, could probably detect some of these unstable waves in this height range, RuÈ ster and Schlegel (1999) made their observations with the ALOMAR SOUSY radar operating at 50 MHz which scatters from 3 m irregularities. This is outside the range for unstable waves at all the heights considered, although it comes fairly close at 90 km. However, the angular range of RuÈ ster and Schlegel's (1999) observations is well within the unstable limits.
Their results are also consistent with the very low phase velocities which are characteristic of the instability discussed already.
Conclusions
The theory outlined, in which moderate ®eld aligned electron drifts can destabilise very large aspect angle plasma irregularities in the lower ionosphere through electron-neutral collisional heating eects, has the following main characteristics, in the¯uid limit:
1. The threshold electron drifts parallel to the geomagnetic ®eld are a few km s )1 and are independent of the angle, h, between the wave propagation direction and the magnetic ®eld, for h < 80°, approximately. 2. The phase speed of the marginally unstable waves is a few m s )1 , along the geomagnetic ®eld and increases as sec h. 3. The values of the threshold¯ow speeds and phase speeds above is largely independent of altitude between 90±100 km. 4. The instability occurs at wavelengths longer than a characteristic scale which is altitude dependent with a value of around 5 m at 90 km and 50 m at 100 km.
These results constitute an important new instability in the lower E-region. Although some of its characteristics (particularly points 1 to 3) are strikingly similar to the recent observations reported by RuÈ ster and Schlegel (1999), the present theory, as it stands, cannot directly account for the short wavelengths involved, particularly at 100 km. Consequently an entirely dierent mechanism, from the one outlined here, cannot be ruled out at this stage. However, it is worth considering, albeit brie¯y, how the wavelength range of the present theory might be extended to lower values. Two fairly straightforward extensions are readily apparent. Firstly, it is possible that the electron momentum collisional loss rate could be enhanced above that provided by electron-neutral collisions alone due to some anomalous process. Anomalous collision processes have been commonly invoked elsewhere (e.g. Sudan, 1983; Robinson, 1986 Robinson, , 1998 Hamza, 1992; Mishin et al., 1992) . The mechanisms involved vary, but the essential feature is that very short scale waves randomly scatter the electrons and eectively enhance the electron momentum loss rate. Hamza (1992) has suggested values of anomalous collision frequency up to two orders of magnitude above those due to electronneutral collisions alone. If the electron collision frequency were raised in this way to values of a few times 10 6 s )1
, then the wavelength range of the instability could be brought within the range of the observations of RuÈ ster and Schlegel (1999). It should be noted that magnetised electrons are not essential for the instability to work so there is no diculty in the electron collision frequency approaching the electron gyro frequency. In this case, however, X e would replaced by X 2 e m 2 en q in equations of motion of the electron. However, a more serious limitation of increasing collisions is the destruction of the directed electron motion through the randomising eect of the collisions. Detailed consideration of this important topic is beyond the scope of the present study but it has been discussed extensively by Rietveld et al. (1991) . These authors argue that ®eld parallel electron currents can penetrate into the lower, collisional, ionosphere due to current continuity eects and polarisation electric ®elds arising parallel to the geomagnetic ®eld. Such processes would be more likely to occur in the absence of alternative current paths such as those proved across the geomagnetic ®elds by EÂB drifts in the upper E-region. These arise in the presence of convection electric ®elds of magnetospheric origin and would have the eect of shorting out the electric ®eld along the magnetic ®eld lines.
In invoking anomalous collisions in the present context, the obvious question of their origin arises. One possibility is ®eld parallel eects produced by obliquely propagating short scale FBI waves, at least at the higher altitude range, above about 95 km (Hamza and St.-Maurice, 1995) . These waves would also heat the plasma, which might allow the very short wavelength (<10 cm), eectively collisionless, ion acoustic waves to be destabilised by the ®eld parallel, kinetic ion acoustic instability (Kindel and Kennel, 1971) . These short scale ion acoustic waves would then give rise to enhanced anomalous collisions for the longer wavelength¯uid waves under consideration here.
A second mechanism which would extend the wavelength range of the long wavelength thermal instability to lower values involves the nonlinear development of the electron density, temperature and velocity perturbations. If an initially quasi-sinusoidal disturbance, with a characteristic scale of several tens of metres along the geomagnetic ®eld, began to grow, eventually the electron temperature crests, which coincides with the velocity crests and the density troughs, would increase the local electron temperature and begin to lower the threshold for shorter wavelengths. This would also have the eect of sharpening the temperature crests and the density troughs. The temperature troughs would lead to a locally lower electron temperatures which would tend to stabilise the instability and lead to¯atter temperature troughs. The sharpening temperature peaks and resultant sharper density troughs would cause backscatter at shorter wavelengths than the original quasi-sinusoidal disturbance. Note also that the mean temperature measured along the geomagnetic ®eld direction by, say, incoherent scatter radar, would not deviate much from the undisturbed background temperature.
To conclude, then, it appears possible that moderate ®eld aligned electron¯ows can destabilise waves in the lower E-region of the high-latitude ionosphere, with very little aspect angle dependence, as long as their wavelengths are suciently long. Typically these wavelengths need to be at least a few tens of metres in the altitude range 90±100 km. Such waves could enhance the backscatter cross sections of the lower E-region for HF radars operating at frequencies below 10 MHz. Nonlinear eects may reduce the limiting wavelength of the instability, so that radars operating at higher frequencies may also become sensitive to the instability.
Given the more favourable sensitivity of HF over VHF radars to this new instability, it may seem surprising that no HF radar observation of non aspect sensitive scatter has so far been reported in the literature. However two points should be remembered in this context. First, all of the major HF coherent radar systems operating at high latitudes, such as Super-DARN (Greenwald et al., 1995) are designed to detect scatter from ®eld aligned irregularities and thus have beams directed preferentially in directions orthogonal to the geomagnetic ®eld. Other HF systems, such as ionosondes, which do have broad ®eld aligned beams, are probably not sensitive enough to detect the kind of scatter reported by RuÈ ster and Schlegel (1999) . Second, it may well be that auroral non aspect sensitive scatter has been detected but not recognised. Such scatter could occur, for example, in the near ranges of SuperDARN radars, whose beams are in fact broad enough to detect backscatter at large aspect angles in the D-and E-regions. However, such scatter would easily be confused with meteor scatter from these altitudes. Meteor scatter is a common feature of near range backscatter from the SuperDARN radars (Hall et al., 1997) and comes from targets which are clearly not in general ®eld aligned. Furthermore, these targets move with the background wind, just as predicted for the new instability. On the basis of the theory presented, therefore, it would probably be worthwhile re-examining these near range scatter data in the lower ionosphere for evidence of any association with ®eld aligned currents.
